DR1: Sample assembly
A sample assembly with hollow geometry is used and consists of two cylinders of titanium-vanadium alloy (Ti90Al6V4, Yao et al., 2016) , external radius of 12.5 mm and inner radius of 5.25 mm, sandwiching a layer of gouge. One base of both cylinders is machined with a crosshatch pattern of grooves (500 µm deep), which forces the shear localization in the gouge. An inner Teflon cylinder and an outer Teflon ring, which is tightly fastened to the cylinder by a hose clip, are mounted on the lower cylinder to prevent the internal and lateral extrusion of the gouge, respectively. The Teflon ring has a smaller inner radius (~12.4) than the cylinders to ensure a tight fit. 1 g of gouge is carefully poured in the annular chamber formed on the bottom cylinder, which is gently tapped to achieve a uniform thickness of the gouge sample. The initial thickness (~1.4 mm) is checked with a caliper to attest the reproducibility of the preparation. The top cylinder is mounted directly on the rotating shaft of the machine and carefully centered (±5 µm) to avoid axial misalignment. The assembled bottom cylinder is mounted on the lower column, where the torque and axial load gages and the vertical displacement transducer are mounted (further information about the apparatus can be found in De Paola et al., 2015, Supplementary Information I) . A pneumatic cylinder installed at the bottom of the lower column is used to apply the normal force on the sample up to 10 kN. Maximum force integrated over the hollow cylinder gives a normal pressure of ~25 MPa. 
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DR2: Temperature estimate
A simple monodimensional equation for heat diffusion in a half space from a thin tabular source is utilised to estimate the temperature rise (DT) in the principal slip zone (PSZ; Carslaw and Jaeger, 1986; Rice, 2006) : (1) where r is the density, c P is the pecific heat, k is the hermal diffusivity, F is the heat flux, t is time and W is the PSZ thickness (m) This equation does not consider heat sinks apart from heat diffusion from the shear zone.
When the following relation is satisfied
where is the displacement and v is the slip rate (m/s), W is negligible compared to the time scale of heat diffusion and where τ is the shear stress, σ n is the normal stress and µ is the friction coefficient, to obtain
It is important to note that the temperature rise calculated by Equation 6 is an upper estimate, as no other heat sinks are accounted for apart from heat diffusion. In fact, as reported in the main text, we argue that all of the deformation energy in the deforming slip zone is dissipated as heat and that decarbonation reactions were not quantitatively significant. For the scope of the paper, the temperature values obtained are used as a first approximation of the thermal conditions during the weakening process.
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DR3: Mechanical data
The mechanical data discussed in this paper are summarised in Table 1 Shear stress curves have been fitted using the exponential decay equation (Fig. DR2B) :
where M is the fitted shear stress, NN and P are the shear stress at steady state and peak conditions, respectively, a is a best fit coefficient, d is the displacement and D W is the slip weakening distance (modified after Mizoguchi et al., 2007 and De Paola et al., 2011) . D W is calculated as the displacement required for the shear stress to decrease from P by an amount equal to 95% of ( P − NN ). The values used in the calculation are reported in Table 1 . Axial shortening (DW ) of the sample occurs during the application of the vertical, normal load. This shortening value depends on the normal load applied, and at s n = 25 MPa it is on average ~0.5 mm. This shortening is due to the reduction in porosity that occurs under static conditions, i.e. before any shear motion is imposed to the sample. After the onset of shearing, less than 0.2 mm of shortening occurs during Stage I (Fig. DR5) , mostly due to shear-induced compaction. The rate of axial shortening decreases through stage II, and up to 0.15 mm of additional shortening is recorded before the onset of Stage III. During Stage III and IV, the sample slowly shortens until the end of the experiment (1 m of slip), reducing its thickness by less than 0.1 mm. This is porbably due to the decrease of porosity induced by sintering outside the PSZ. 
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DR4: Flow Laws
Stage III PSZ microstructure resembles that found in natural (Bestmann et al., 2000; Herwegh and Kunze, 2002) and experimental (Barnhoorn et al., 2004) calcite ultramylonites. From the microstructural and mechanical data it is possible to measure strain rates and temperatures, which are tested with existing flow laws for calcite for both dislocation and grainsize sensitive grain boundary sliding (GBS). Following the approach in De Paola et al. (2015) , a general flow law for creep is used:
where is the strain rate, A * is the pre-exponential factor, τ is the shear stress, n the stress exponent, D is the grain size and b is the grain size exponent, H is the apparent activation energy for creep, R is the gas constant, T is the absolute temperature. Table 2 reports the variables used for the two different creep regimes (De Paola et al., 2015 and references therein) .
As discussed in detail in De Paola et al. (2015) , the grainsize in the PSZ in the post-mortem microstructures is not fully representative of the dynamic values during deformation, due to grain growth by static recrystallization during the cooling stage after the experiment. Flow stress values were therefore calculated for a range of grain sizes (0.10 -0.01 µm), which are equal or smaller than those observed in the PSZ. Our calculated flow stresses are of the same order of magnitude than those measured during the experiments run at 1 ms -1 and 0.14 ms -1 (Fig. DR6A and DR6B , respectively). 
DR5: Microstructures
Samples recovered after the onset of weakening (Stage II and III) easily split along mirror-like surfaces. Careful recovery is required to obtain the full sample thickness for microstructural analysis. 
